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Compound Nuclear Reaction

® Spin Distribution of Compound Nucleus

®n4+A-(A+1D)*
® Spin distribution of (A + 1)* is calculated with the optical model transmis-

sion coefficients, Tj.

R(J) [—-jl<J<I+y
® Spin Distribution of the Residual Compound Nucleus (Decay of CN)
® (A+1)* - nf + A*
® Spin distribution of A* is calculated from:

the first compound nucleus, R(J),
transmission of emitted particle, 77(5), and
spin distribution of residual nucleus (continuum), R'(E., J).
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Bl Compound or Pre-compound Process
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| Statistical Theory

Compound Formation Cross Section

® Decay of CN is independent of the formation of CN,

® however spin distribution of initial CN population depends on the transmission
of incident particle.

Surrogate Reaction (example)

® For the neutron incident reactions on 87Y, the compound state is 88Y.
® The same compound can be formed by a-particle incident reactions on 8°Rb.

neut r on
¢
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Bl Transmission (Optical Model Calc.)
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Bl Pre-Equilibrium Theories (I)

Classical Theory

@ Exciton Model
® Nuclear state — n-particle (n — 1)-hole state
® Transition rate — ., = %|M 2P,

® Solve a master equation — time-dependent occupation probability P(n,t)
of the n-exciton states.

® The matrix element | M |2 IS regarded as an adjustable parameter.

® Generally the exciton model gives a good fit to the energy distribution of
emitted particles, however, a traditional exciton model cannot calculate an-
gular distribution.

® Intra-Nuclear Cascade (INC)

@ Cannot apply to low-energy reactions.
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Bl Pre-Equilibrium Theories (II)

Quantum Mechanical Theory

® Feshbach, Kerman, and Koonin (1980) — FKK
@ An extension of DWBA to the continuum state
@ Pparticle-Hole excitation — similar to the exciton model
® Q-space (Multistep Compound, MSC)
® Final state is bound
® Residual System: 2p-1h, 3p-2h, 4p-3h, ...
® MSC gives an isotropic angular distribution
® P-space (Multistep Direct, MSD)
@ At least one particle is unbound
® Residual System: 1p-1h, 2p-2h, 3p-3h, ...
® MSD has a forward-peaked angular distribution

> Los Alamos



Bl ~»-Space, o-Space
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Bl Multistep Compound Process (MSC)

Strength of 2p-1h Formation
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Bl Strength of MSC

DDX Data of 23Nb at 14 MeV
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® FKK: Feshbach, Kerman, Koonin (1980)
® On-Shell Approximation for Green’s Function
® TUL: Tamura, Udagawa, Lenske (1982)

® Random Phase Approximation (RPA)
@ Adiabatic Approximation for the Second Step

® NWY: Nishioka, Weidenmiiller, Yoshida (1988)

® Random Matrix Theory (GOE)
@ Sudden Approximation for the Second Step

® scDw: Luo, Kawai, Weidenmiiller (1991,1992)
® Eikonal Approximation for the Second Step

One-step process is dominant below 20 MeV, and the one-step expression of FKK,
TUL, and NWY is the same (in principle).
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Bl Comparison of FKK, TUL, and NWY

FKK TUL NWY
Approximation on-shell Adiabatic Sudden
Statistical Average Each Each Final
State density P1pih @ Pipih  Plplh @ Plplh  P2p2h
Model Equidistant RPA GOE
Interference No No Yes

Time Scale

TUL Adiabatic Approximation

= .
1p-1h 2p-2h

NWY Sudden Approximation

|
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3p-3h
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Bl NWY Theory

® Quantum Mechanical Theory for the Pre-Equilibrium Process (MSD)
® Residual System Statistics

® use so-called True Level Density, pum(E) which includes a Residual Interac-
tion, V

® The Level (State) Density is different from the equidistant-spacing model of
Ericson and Williams.

one-step: (DWBA) x (1p-1h Strength)
two-step: (2nd order DWBA) x (2p-2h Strength)
Sudden Approximation is made for the second step.
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| Sudden Approximation

® An additional p-h pair cre-
ation is much faster than
residual configuration mix-
Ing.

® An intermediate state is al-
ways an 1p-1h state.

® Amplitudes for the different
paths to reach the same
final state interfere each
other.
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Bl Residual System Statistics

® Observable Cross Sections
@ various microscopic 2p-2h state excitation averaged over the residual state

® True Level Density of Sato, Takahashi, and Yoshida
Based on the Random Matrix Model
Z. Phys. A, 339, 129 (1991).

® Hamiltonian for the Nuclear System H = h + V

® 1 independent particle model

(h — emu)|mpu) =0

® vV residual interaction: V is assumed to form a GOE which is character-
ized by a second moment M,
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Bl True Level Density
Unperturbed State Density

o T(E) = 3" 8(E — emy)
!

Exciton State Density for fixed Jx

pIT(E) = =Y ~Im

L

1
E — Em'u — O'r;{lﬁ(E)

Saddle Point Equation

I _ (0)Jr 1
O, (E) = Zn:./\/lmn /Pn (E)E
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Bl Second Moment

Calculated for 298Pb, with the
M3Y-Paris Interaction which
contains the central part V¢
and the tensor part V<

vl =S"vG(o1:02)(r1-m)Y (ur)

]

M [MeV

VI =S VI (7 - m2)8:Y (ur)
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Bl Saddle Point Value

true level density
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Bl Example: 1p-1h State Distribution

205Pb, |1g7/2(0hg /2) ™ 1)v, Ex =10.15 MeV

P (E) [1/MeV]
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Bl p-h State Density
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Bl One-Step Cross Section

dQO'ba (277)4 Z i
dEdQ

® 208pp(p, n') reaction at:
E;, = 14.5,
Eout = 7.5 MeV
® walter-Guss’ optical potential
® MB3Y interaction
® vukawa interaction:
Vo =70MeV,and rg = 1 fm
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Bl Bonetti Approach

FKK One-step Calculation

d20'b (27‘-)4 + 5
dEdSC; - Z| umM|V|X( ) 0)| Pm,u(E:c)

2 4 _ .
= > ( ,:2) |<Xb )umu|V|X(+)uo>|2(2j + 1)p1p1n(Ex, J)

J

%: <(d;éa)DWBA> P1p1n(Ex, J)

® Averaged DWBA cross section

@ particle-hole excitation, with angular momentum transfer of j

® Phenomenological level density P1p1n(Ez, J)

» Los Alamos



Bl Example — U-238

Neutron Inelastic Scattering

— 1 - 1 1 1~ 1T ™ 1T 1.
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(n,n’X) reaction ———
second evaporation ———

® DWBA formfactor for p-h excitation is

= 5 third evaporation
4 simple Yukawa-form 2 1000 ""'-'.. neutron emission 4
P : S ' =
® The strength of Yukawa interaction % o ©
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.""-.‘ a
data. 100 S
) T )
0]

® Vv, =50.5MeV
® Multi-Step Compound (MSC) in-
cluded. 10
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Bl Pre-Compound Spin Distribution

Spin Distribution of Residual Nucleus

87Y4n reaction

at £, =14 MeV.

Excitation energy of 6 MeV
Koning-Delaroche global op-
tical potential for incident
neutron.

Ground state spin I = 1/2~
IS assumed to be zero.

FKK calculation does not
have a high J component,
because of p-h configura-
tions.

Spin Distribution
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Bl Energy Spectrum

Cmparison of FKK calc. with Exciton Model

100 [ U
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® 14 MeV neutron induced,
neutron emission reaction
on 87Y.

® The FKK MSD -calculation
IS re-normalized to GNASH
calculation (Exciton model).

® The MSD cross section is
20% of total reaction cross
section. ' N
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Bl Dominant Process at 14 MeV
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Spin-distribution of the pre-equilibrium process can be calculated with quantum
mechanical theories — FKK, NWY, and TUL.

Microscopic calculations of both MSC and MSD were described.
MSC contribution is very small.

For 87Y(n,n’) reaction at 14 MeV, MSD is about 20% of total reaction cross
section, and the compound reaction is still a dominant process at low energies.

Spin-distribution of the residual nucleus may not have a big impact on the sur-
rogate reaction technigue if an incident neutron energy is not so high, however,
further study is needed (quantitatively):

® Probabilities of v-ray cascade
@ High energy reactions
® Large target spin
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